The EPB41 (protein 4.1) genes epitomize the resourcefulness of the mammalian genome to encode a complex proteome from a small number of genes. By utilizing alternative transcriptional promoters and tissue-specific alternative pre-mRNA splicing, EPB41, EPB41L2, EPB41L3, and EPB41L1 encode a diverse array of structural adapter proteins. Comparative genomic and transcript analysis of these 140kb-240kb genes indicates several unusual features: differential evolution of highly conserved exons encoding known functional domains, interspersed with unique exons whose size and sequence variations contribute substantially to intergenic diversity: alternative first exons, most of which map far upstream of the coding regions; and complex tissuespecific alternative pre-mRNA splicing that facilitates synthesis of functionally different complements of 4.1 proteins in various cells. Understanding the splicing regulatory networks that control protein 4.1 expression will be critical to a full appreciation of the many roles of 4.1 proteins in normal cell biology and their proposed roles in human cancer.
Introduction
The human genome encodes a highly complex proteome via elegant regulatory machinery that facilitates expression of many polypeptides from a much smaller number of genes. This study focuses on the structural organization of the EPB41-related (protein 4.1) genes, a group of four paralogous genes [1, 2, 3, 4, 5, 6 ] that together encode an impressively complex array of cytoskeletal proteins that are expressed in unique tissuespecific patterns and play many diverse roles in cell biology. The prototypical EPB41 gene is best known for encoding the protein familiarly known as protein 4.1R, which plays a structural role in the red cell membrane skeleton via its interactions with skeletal and integral proteins that are critical for normal erythroid mechanical and morphological properties [7, 8, 9] . More generally, protein 4.1 polypeptides organize membrane protein domains and/or to link membranes to internal cytoskeletal networks. Among the proposed sites of 4.1 function are tight junctions of epithelial cells, the contractile apparatus in muscle cells [10] , neuronal membrane receptor complexes [11, 12, 13] , paranodal axoglial junctions at nodes of Ranvier [14] , centrosomes [15] , mitotic spindles [16, 17] , and nuclear matrix [18, 19] .
Defects in the EPB41-related genes have been demonstrated or proposed to underlie human disease. One manifestation of EPB41 (protein 4.1R) deficiency is the production of red blood cells with abnormal morphology and unstable membranes leading to hereditary elliptocytosis and hemolytic anemia [20] . Studies with Epb4.1 knockout mice [21] revealed phenotypes that extend beyond the familiar erythroid disorders caused by EPB41 deficiency, to include neuronal defects in fine motor coordination and spatial learning [22] .
Moreover, recent studies suggest that EPB41 and its paralogs may function as tumor suppressors [23, 24, 25, 26] . Therefore, it will be important to understand the regulatory mechanisms whereby expression of these genes is controlled.
Characterization of EPB41 gene expression has revealed a complex pattern of tissue-and developmental-specific alternative pre-mRNA splicing. Combinatorial expression of at least 10 alternative splicing events can potentially facilitate synthesis of hundreds of distinct protein isoforms, although only a subset of these is likely expressed in a given tissue (reviewed in [27] ). Of these, a select few are subject to exquisite regulation. Particularly important in erythroid cells is a dramatic splicing switch in EPB41 structure that has important consequences for membrane mechanical stability: whereas early progenitors skip exon 16 and synthesize protein isoforms with low affinity for spectrin and actin, later erythroblasts efficiently include exon 16 and produce high affinity isoforms of EPB41 protein [28, 29] . Exon 16 splicing is influenced by multiple cis elements in the pre-mRNA [30, 31] , and recent studies indicate that the splicing switch may be mediated by downregulation in the expression of the splicing silencer protein, hnRNP A1 [31] . Additional alternative splicing events have been characterized in muscle, epithelial cells, kidney, and brain [2, 32, 33, 34, 35] .
In this paper we present the first characterization of the large EPB41L1, EPB41L2, and EPB41L3 genes and establish a consistent nomenclature to facilitate comparison with the prototypical EPB41 gene. Moreover, we present new data to demonstrate that several notable features of the well-characterized EPB41 gene are conserved among these three additional genes, including the presence of far upstream alternative first exons, extensive alternative pre-mRNA splicing of internal exons, and a unique pattern of differential domain evolution involving both highly conserved and highly variable regions within each of the four genes.
Understanding the regulated expression of these genes will not only shed light on the tremendous resourcefulness of the human genome to generate a complicated proteome from many fewer genes, but will also be important for the cell biology of the 4.1 proteins.
Results
Protein conservation patterns indicate differential evolutionary rates of individual domains. We assembled composite cDNAs for the four EPB41-related genes, each of which encodes proteins with the general domain structure depicted in the top panel of Figure 1A . Other genes with similar names (EPB41L4A, EPB41L4B, EPB41L5, and EPB41LO contain only the FERM domain and represent a different subclass within the protein 4.1 superfamily. Comparison of the deduced amino acid sequences for the EPB41-related proteins revealed an alternating pattern of highly conserved domains interspersed with poorly conserved domains ( Figure 1 ). Pairwise comparisons of the human and mouse orthologs showed that the most conserved region is the membrane binding FERM domain (average 98% identity), followed by the carboxy terminal domain (CTD; 96% identity) and the spectrin-actin binding domain (SABD; 93% identity). Much greater variability occurs in unique regions U1 (average 80% identity between mouse and human), U2 (74%), and U3 (70%). Importantly, a similar evolutionary pattern was observed in all four genes, indicating a consistent differential evolution of domains in the 75 million years since the divergence of human and mouse.
Differential domain evolution was explored further by comparing sequences among the human EPB41-related paralogs, since these genes clearly diverged from one another much earlier in vertebrate evolution.
Human EPB41 (protein 4.1R), EPB41L2 (protein 4.1G), and EPB41L3 (protein 4.1B) proteins exhibited substantial homologies in the FERM (72-81% identity), SAB (53-66% identity), and CTD domains (72-74% identity) ( Figure 1B) ; EPB41L1 (protein 4.1N) was also very similar except for partial domain deletions in the SAB (due to loss of E16) and in the CTD (due to loss of E18). In marked contrast, very little homology was observed in pairwise comparisons of the unique regions (not shown). These results confirm the overall finding of differential evolutionary rates for the functional FERM, SAB and CTD domains versus the unique domains.
Gene organization. The EPB41 gene is ~240kb in length, including about 140kb that spans coding exons 2-21 and another 100kb of 5' region containing three known alternative promoters/ first exons [33, 36] .
Mapping of the composite cDNAs for the three orthologous genes onto the corresponding genomic assembly gene, exon sizes and exon/intron boundaries are highly conserved among these domains, particularly in the central "core" coding regions of each domain. Most remarkable is the precise conservation of size of exons [5] [6] [7] [8] [9] [10] [11] [12] in all four members of the gene family. These core regions correspond well to previously defined structural and functional domains of the protein, since all binding sites mapped thus far at the protein level reside within these core regions.
The unique regions, designated as U1, U2, and U3, exhibit substantially more variation in size, number, and sequence of exons ( Figure 2 , unshaded regions; Table I ). The U1 domains, encoded by exon 2 and part of exon 4, comprise the N-terminal extension, or headpiece domain, of 4.1 proteins. Although the predicted amino acid sequence of headpiece domains exhibits limited homology among the four paralogs, a common origin is suggested by the presence of a conserved tetrapeptide (MTTE) at the N-terminus of each U1 domain. The U2 domain separates the FERM and SAB domains, and is encoded by a single poorly conserved, constitutively spliced exon 13, plus up to three additional alternatively spliced exons of unknown function. Finally, the most complex region among these genes is the U3 domain, a unique and highly variable domain encoded by up to six alternatively spliced exons designated 17A through 17F. It should be noted that U3 exons assigned the same number among the EPB41 paralogs exhibit little or no sequence homology and are paralogs in position only.
Differential RNA processing events in the 4.1 gene family. A prominent hallmark of EPB41 is the expression of multiple protein isoforms translated from differentially processed RNA transcripts. Both the use of alternative first exons, as well as alternative pre-mRNA splicing of internal exons, contribute to transcript diversity. With regard to EPB41L1, EPB41L2, and EPB41L3, published studies indicate there are differences in RNA processing between kidney and brain [2, 35, 37] , but differential RNA processing in these genes has generally been less well characterized. The new data below demonstrate that (1) similar to EPB41, the three paralogous genes all possess candidate alternative first exons, many of which map far upstream of the coding regions, and (2) all three genes also exhibit tissue-specific alternative splicing of internal cassette exons in the U2 and U3 regions. Together this data suggests that regulated RNA processing events play a major role in facilitating expression of a distinct protein isoforms from the small EPB41-related gene family.
Alternative first exons. Multiple first exons, each with its own transcriptional promoter, were identified in EPB41 through the finding of cDNAs that contain a common set of internal exons but possess unique 5' end sequences [36] . Similar analysis has now revealed multiple 5' end sequences in the EPB41L1, EPB41L2, and EPB41L3 genes (Figure 2 ; Table II ). All of these predicted first exons meet the expected criteria of proper chromosomal location upstream of, and proper splicing to, the authentic coding exons; all are conserved between mouse and human genomes. For EPB41L1 and EPB41L3 these alternative first exons map far upstream (20-130kb) of the coding exons in the human genome assembly. EPB41L2 contains a single far upstream (~106kb) first exon, designated exon 1A, and a candidate internal first exon designated as exon 1B. Exon 1B is located just upstream of exon 16; it is conserved in the human, monkey, and mouse genomes; and it splices accurately to the downstream coding exons. These features strongly suggest a bona fide role for exon 1B in EPB41L2 gene expression, and thus it is included in the gene maps presented here.
Alternative pre-mRNA splicing. Analysis of prototypical EPB41 gene expression has demonstrated numerous alternative splicing events, several of which are regulated in tissue-specific fashion. This section combines the existing EPB41 data with evidence for four novel tissue-specific alternative splicing events in
EPB41L1, EPB41L2, and EPB41L3 (Figure 4 below). Together these analyses suggest the following: (1)
Alternative splicing is more common in the unique coding regions of the EPB41-related genes than in the conserved domains; (2) alternative exons in the unique domains are more highly regulated in tissue-specific patterns than those in the conserved domains (with the notable exception of alternative exon 16 in the spectrinactin binding domain); (3) there are gene-specific differences in splicing regulation of paralogous exons; and (4) several alternative exons in the U3 domain are considerably larger (369-1932nt) than the average alternative exon in mammals (<100nt).
Among the conserved domains, only exon 16 in the SABD (EPB41, EPB41L2, and EPB41L3) and exon 21 in the CTD (EPB41L3 only) exhibit tissue-specific alternative splicing. This data has been published in separate reports [2, 5, 6, 32, 35, 37, 38] , and is brought together in Figure 3 to emphasize a couple of interesting features. First, exon 16 exhibits gene-and tissue-specific splicing patterns, such that EPB41, EPB41L2, and EPB41L3 each directs synthesis of proteins capable of binding spectrin and actin in a limited but distinct spectrum of cell types. Second, the regulated splicing of exon 21 in only one of the four paralogs represents another example of evolutionary divergence in splicing patterns among highly conserved exons [2] .
Alternative splicing events are otherwise rare in the conserved domains, although minor EPB41 isoforms lacking exons 5, 8, 18, 19 , and 20 are predicted from analysis of cloned cDNAs [32, 38] .
Considerably more complex splicing is evident in the unique regions of the EPB41-family genes. In both the U2 ( Figure 4A ) and U3 ( Figure 4B ) regions, comparison of available cDNA and EST clones from the genetic databases suggests that most of the exons are alternatively spliced. Although a complete exploration of tissue-specificity is beyond the scope of this paper, our recent studies have revealed four new examples of tissue-specific splicing in these regions. Figure 4A shows that EPB41L1 exon 15 is strongly included in brain (lane 1), but mainly excluded in all other tissues tested (lanes 2-7) . Similarly, EPB41L1 (exon 17D), EPB41L2
(exon 17B), and EPB41L3 (exon 17D) are all included in brain but predominantly or completely skipped in other tissues ( Figure 4B bottom panel, compare lanes 2 with other lanes) . Combined with previous reports of tissue-specific alternative splicing of EPB41 exon 17A (muscle) and 17B (epithelial cells) [33, 34] , this new data reveals an extraordinary abundance of regulated alternative splicing events among these unique domains.
Comparison of the human and mouse EPB41 family genes reveals a highly conserved organization. The EPB41-related genes of human and mouse were compared using the VISTA program developed for large-scale genome comparisons ( Figure 5 ). These VISTA profiles revealed significant peaks of homology for all coding exons, indicating a conserved exon/intron organization. Interestingly, substantial homology is observed in selected intronic regions that may represent previously unrecognized exons or regulatory sequences important for gene expression. An example of the former may be the extensive peak of homology downstream of EPB41L2 exon 13, which maintains an open reading frame of >170 amino acids that is conserved in the human, mouse, and rat genomes and exhibits significant homology to alternative exon 13A in the corresponding region of the EPB41L3 gene (57% identity over 101 amino acids). Regarding the latter, we note that the most extensive noncoding homologies occur in the U3 region and speculate that these could represent important regulatory sequences for controlling the tissue-specific alternative splicing of U3 exons.
Discussion
This report presents a comparative genomics view of the complex EPB41-related (protein 4.1) family, and highlights a number of mechanisms by which these genes can encode a highly diverse set of tissue-specific polypeptides. Through the use of alternative first exons and alternative pre-mRNA splicing, the structure and function of these important proteins can be specifically adapted to the needs of each individual cell type.
Differential domain evolution may play a particularly important role, perhaps allowing the unique regions to modify basic functions of the FERM, SABD, and CTD domains, resulting in altered subcellular targeting [39, 40, 41] or changes in affinity of these domains for interacting proteins. Alternatively, the unique domains may themselves encode novel localization signals or interacting domains that alter protein 4.1 function. It is important to note that an integral component of this evolutionary process must be a tissue-specific regulatory network of RNA processing events that orchestrates expression of a structurally and functionally unique complement of polypeptides in various cell types. Future studies will focus on understanding both the regulation of expression at the RNA level, and the cell biological functions at the protein level, of the complex EPB41-related family.
The finding of alternative first exons in the EPB41-related family expands the rapidly growing list of mammalian genes that possess multiple first exons. We speculate that expression of multiple alternative first exons is a very common phenomenon among mammalian genes, perhaps as common as alternative pre-mRNA splicing, and that it may be particularly enriched in that exhibit complex splicing patterns. It will be interesting in the future to explore whether these 5' transcription events and downstream splicing events are functionally coupled [42, 43, 44, 45] . however, that only a few major cDNA isoforms are present in human erythroblasts [39] , mouse skeletal muscle [10] , and mouse kidney [35] . Many rare isoforms can also be expressed at low levels in these cells.
The versatility in 4.1 protein structure is in direct contrast to the related ERM family of proteins that includes ezrin, radixin, moesin and the tumor suppressor schwannomin/ merlin. Although the 4.1 and ERM proteins share a conserved membrane binding domain that is similar in primary sequence and crystal structure, the ERM proteins are encoded by simpler genes that lack the impressive plasticity of the true 4.1 genes. To our knowledge, no alternative first exons, relatively little alternative splicing, and little or no evidence of rapidly evolving unique domains have been reported in the ERM family. Protein 4.1R was originally characterized as a major spectrin-actin binding protein in the membrane skeletal network of erythrocytes, and much of our current understanding of 4.1 function has focused on these interactions. Recent studies have shown that isoforms of EPB41L2 and EPB41L3 can also form ternary complexes with spectrin and actin [46] . However, it is important to recognize that much, perhaps most, of the nonerythroid protein 4.1 expressed in mammals lacks a high affinity SAB domain (no exon 16 paralog in EPB41L1; splicing out in many tissues of exon 16 from EPB41, EPB41L2, and EPB41L3). Interestingly, a more ancient homolog of protein 4.1 in Drosophila melanogaster [47] does not contain an obvious SAB domain, suggesting that this is a relatively recent adaptation to 4.1 function. The bulk of nonerythroid 4.1 proteins might therefore exhibit distinct functions. Based on recent reports demonstrating interaction of 4.1 proteins with various membrane proteins, it appears that 4.1 proteins play important roles as versatile membrane adapter proteins to localize and link functionally related integral membrane proteins.
In conclusion, the EPB41-related gene family serves as an important model system for understanding the complexities of human genome expression patterns, including the exquisite regulatory controls that facilitate differential expression of specific transcripts in various cell types. This knowledge will be critical for elucidating the functional correlates of the corresponding 4.1 polypeptides, in what is likely to be an equally exquisite array of adapter functions for 4.1 protein isoforms in various physiological settings in these cells.
Materials and Methods
Assembly of composite EPB41-related cDNAs. The composite transcripts used for mapping to the human genome assembly were derived from the relevant Refseq entries, annotated as needed to include additional exons not represented in Refseq. EPB41 (protein 4.1R) . Refseq NM_004437 includes alternative first exon 1A plus most of the coding exons with the exception of exons 14, 15, 17A, 17B, and 19. The source of other exons is as follows: exons 1B and 1C, [36] ; exons 14 and 15, [32] ; exon 17A, [33] ; exon 17B, [34] ; exon 19 [9] . Comparison of human and mouse genes. VISTA is a program for visualizing global DNA sequence alignments [48] produced by AVID [49] . The results in this paper show the percent identity between mouse and human 4.1 genes using a sliding window of 50nt. Regions of high conservation were defined as sequences at least 70% identical over a span of at least 50nt.
Reverse transcriptase/PCR amplification of 4.1 mRNA sequences. Splicing patterns of 4.1N transcripts in the U2 region were characterized using RT-PCR techniques to amplify 4.1N mRNA from several different mouse tissue sources. RNA was prepared using RNeasy columns according to the manufacturer's instructions (Qiagen, Valencia, CA). One µg total RNA was transcribed into cDNA using a random hexamer primers in a total volume of 10 µL. Then, 2 µL cDNA was amplified using the following primers: forward, Location of primers is indicated by arrows. Lanes 1, negative control; lanes 2, brain; lanes 3, skeletal muscle; lanes 4, heart; lanes 5, kidney: lanes 6, liver: lanes 7, lung; lanes 8, testis. A. 
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